The catalytic cracking of representative hydrocarbons of naphtha (n-hexane, cyclohexane, and methyl-cyclohexane) over ZSM-5 zeolite catalysts was examined at reaction temperatures ranging from 823 K to 923 K under atmospheric pressure. It was found that the Si/Al ratio of the zeolite affected the product selectivity and conversion.
Introduction
Light olefins, such as ethylene and propylene, are important basic raw materials for the petrochemical industry, and demand for light olefins is increasing every year [1, 2] . Light olefins have been mainly produced by thermal cracking of naphtha, which gives yields of ethylene and propylene of approximately 25% and 13%, respectively 5 [3] [4] [5] . However, the capacity of the naphtha cracking process is not large enough to satisfy the increase in demand, because in this process, it is difficult to control the selectivity for specific light olefins. Moreover, because this process consumes more than 30% of the total amount of energy required in petrochemical refinement, developing efficient processes for the production of light olefins is indispensable. 10 Unlike thermal cracking, catalytic cracking of naphtha over solid acid catalysts can be achieved at a high propylene/ethylene ratio at low reaction temperatures [6, 7] , and thus using this process will reduce energy costs and provide selective production of propylene. Accordingly, the catalytic cracking of naphtha is expected to be an effective alternative to the thermal cracking process. 15 A promising catalyst for the catalytic cracking of naphtha is zeolite, a crystalline aluminosilicate material with various properties, such as strong acidity and a high surface area, and studies on the catalytic cracking of alkanes over zeolite catalysts have 4 been reported [8] [9] [10] [11] [12] [13] [14] [15] [16] . We have also studied the catalytic cracking of n-hexane over a ZSM-5 zeolite catalyst [17] [18] [19] , in which it was revealed that ZSM-5 was effective for n-hexane cracking to light olefins synthesis. On the other hand, although naphthenes are important constituents of naphtha and affect the products generated from cracking [20] , few studies have been published concerning the cracking of naphthenes [21] [22] [23] [24] [25] [26] as 5 compared to those of alkane cracking over zeolite catalysts. It is believed that not only alkane cracking, but also naphthene cracking, are indispensable in naphtha cracking, and thus both need to be investigated in order to gain a better understanding of naphtha cracking.
In the present study, the effect of the crystal size of a ZSM-5 (MFI-type) zeolite 10 on the catalytic activity and light olefins yield in the catalytic cracking of representative hydrocarbons of naphtha was investigated. First, in order to optimize the reaction conditions for light olefins synthesis, the effects of reaction temperature and the Si/Al ratio of the ZSM-5 zeolite on n-hexane cracking were investigated. Next, the effect of the type of reactant on the catalyst lifetime and light olefins yield was examined using 15 n-hexane, cyclohexane, and methyl-cyclohexane. Finally, the difference in the product selectivity and catalyst stability during alkane (n-hexane) and naphthene (methyl-cyclohexane) cracking were investigated from the viewpoint of coke formation using nano-and macro-scale ZSM-5 zeolites.
Experimental

Preparation of ZSM-5 zeolites with different crystal sizes
5
The nano-scale ZSM-5 zeolite was prepared via hydrothermal synthesis using a water/surfactant/organic solvent (emulsion method [27] [28] [29] [30] [31] [32] ). An aqueous solution containing the Si and Al source materials was obtained by hydrolyzing each metal alkoxide in a dilute tetrapropyl ammonium hydroxide (TPAOH)/water solution. The water solution (10 ml) thus obtained was added to the surfactant/organic solvent (70 ml, 10 surfactant concentration of 0.5 mol/l). Polyoxyethylene-(15)-oleylether and cyclohexane were employed as the surfactant and organic solvent, respectively. The water/surfactant/organic solvent thus obtained was poured into a Teflon-sealed stainless steel bottle and heated to 423 K for 72 h. In order to obtain the macro-scale ZSM-5, a hydrothermal synthesis was also carried out, but without the surfactant/organic solvent 15 (conventional method). The molar compositions of the aqueous solution for the macro-scale ZSM-5 and the nano-scale ZSM-5 synthesis were SiO 2 : 0.0033Al 2 
Characterization
10
The morphology and crystallinity of the samples were analyzed using field emission scanning electron microscopy (FE-SEM; JSM-6500F, JEOL Co. Ltd.) and X-ray diffraction (XRD; JDX-8020, JEOL Co. Ltd.), respectively. The micropore volumes and the total and external surface areas of the samples were calculated using the BET-and the t-methods based on N 2 adsorption isotherms (Belsorp mini, BEL 15 JAPAN Co. Ltd.). The Si/Al ratios of the samples were determined by X-ray fluorescence measurements (XRF; Supermini, Rigaku Co. Ltd.), and the acidity of the samples was evaluated via the ac-NH 3 -TPD method [33] using TG. In the TPD experiment, samples were first calcined under N 2 stream at 823 K, then cooled to 373 K. nm. As can be seen in Table 1 , while the external surface area increased with decreasing 10 crystal size, the micropore volume (0.18 cmassociated with strong acid sites were also observed. In addition, the area of the TPD profiles above 600 K depended on the Si/Al ratio of the zeolites. Therefore, ZSM-5 zeolites with different crystal sizes and acid densities were obtained, and these various zeolites were used as catalysts for the cracking reaction. 
Product distribution and light olefins yields for n-hexane cracking over ZSM-5 zeolites with different Si/Al ratios
First, the effects of reaction temperature and Si/Al ratio on the catalytic activity and product selectivity of n-hexane cracking were examined using the nano-scale ZSM-5 catalysts. Fig. 4 shows the results of n-hexane cracking over nano-scale ZSM-5 10 catalysts with different Si/Al ratios at reaction temperatures ranging from 823 K to 923
K. In the case of thermal cracking without the catalyst, the n-hexane conversion was 1.2 %, 4.8 %, and 20.0 % at 823 K, 873 K, and 923 K, respectively. As can be seen in Fig. 4 , the conversion of n-hexane depended on both the Si/Al ratio and the reaction temperature. The dependency of n-hexane conversion indicated that the reaction 15 progressed over the acid sites of the zeolite. The product selectivities are listed in Table were obtained. It should be noted, however, that, because a detailed analysis was difficult, the amounts of C 5 and C 7 + alkanes and alkenes listed in Table 2 are collectively denoted as paraffins in Fig. 4 .
As the reaction temperature increased, the light olefins and BTX selectivities increased (e.g., the total selectivity of unsaturated hydrocarbons, such as ethylene, zeolite, the cyclohexane molecules can diffuse into the pore of MFI-type zeolite due to thermal vibration and expansion of the pore opening [35, 36] . Moreover, because the minimum molecular size of methyl-cyclohexane is as same as the size of cyclohexane, it is considered that the methyl-cyclohexane also can diffuse into the pore of MFI-type zeolite. The conversions, product selectivities and olefin yields are shown in Figs. 5-7. 15 The micropore volumes of the ZSM-5 zeolites and the amount of coke generated after the cracking reaction were measured (Table 3 ). In the thermal cracking without the catalyst, the n-hexane, cyclohexane, and methyl-cyclohexane conversions were 20.0 %, 1.0 %, and 5.6 %, respectively, under these reaction conditions.
As can be seen in Fig. 5 , because the nano-and macro-scale zeolites exhibited nearly the same acidity as shown in Fig. 3 , the initial conversion of n-hexane cracking "methyl-cyclohexane to toluene", readily occurred [25, 26] , the selectivity for which was higher in naphthene cracking than in n-hexane cracking.
BTX (i.e., a coke precursor) was one of the primary products of naphthene cracking, followed by coke formation. On the other hand, in n-hexane cracking, the BTX was the terminating product derived from a sequential reaction of the produced 15 light olefins, and not the primary product [17, 18] . For these reasons, the deactivation rate in the cracking of the naphthenes was faster than that in the cracking of n-hexane.
Additionally, because coke was easily formed during the initial stages of the reaction near the external surface of the macro-scale ZSM-5 due to the large diffusion resistance of naphthenes, the macro-scale ZSM-5 was seriously deactivated. Probably, in the methyl-cyclohexane cracking over ZSM-5 zeolites at initial reaction time (i.e. 0 minute), macro-scale ZSM-5 shows similar finding to nano-scale ZSM-5 about the methyl-cyclohexane conversion. However, because the macro-scale ZSM-5 was rapidly 5 deactivated in the methyl-cyclohexane cracking, the conversion after 20 minutes was already decreased. By contrast, the nano-scale ZSM-5 exhibited a high light olefins yield and excellent stability (Figs. 6 and 7) for propylene. Accordingly, the application of the nano-scale ZSM-5 was effective for naphtha cracking, leading to a stable propylene/ethylene carbon-molar ratio (P/E ratio) of approximately 2.0, regardless of 10 the reactants used. Moreover, the P/E ratios in the cracking reactions using the nano-scale ZSM-5 were much higher than the values for thermal cracking (0.5-0.6
[37]).
Deactivation of the nano-scale ZSM-5 catalyst during cracking reactions
15
As compared with the macro-scale ZSM-5, the nano-scale ZSM-5 exhibited stable activity and high light olefin yields with n-hexane, cyclohexane, and methyl-cyclohexane. However, a slight decrease in the catalytic activity was observed in the cracking reactions of cyclohexane and methyl-cyclohexane (Figs. 6(b) and 7(b), respectively), possibly due to BTX production followed by coke formation. In addition,
in Table 3 , whereas the micropore volume of the nano-scale ZSM-5 zeolite was nearly unchanged after n-hexane cracking, the volumes were clearly decreased after naphthene cracking for 4.5 h. These results suggest that the difference in the deactivation 5 mechanism for n-hexane and naphthene cracking is ascribed to a decrease in the micropore volume due to coke formation. Next, in order to confirm the reason for the difference in the deactivation mechanism of n-hexane and naphthene cracking, the cracking of n-hexane and methyl-cyclohexane was carried out using the nano-scale ZSM-5 for 4.5 h, 10 h, and 15 h. Table 3 . 15 In the cracking of n-hexane, although the amount of coke increased to 13.7 wt % after 15 h, the nitrogen adsorption isotherm and micropore volume of the zeolite was nearly unchanged, and the acidity of the zeolite was only slightly decreased with reaction time. These results suggest that the coke was mainly deposited on the external surface of the zeolite crystal, and that acid sites without coke remained inside the crystal, leading to the slight decrease in the catalytic activity observed in Fig. 8 . Moreover, the large external surface area of the nano-scale zeolite supported the longer catalyst lifetime as compared with that of the macro-scale zeolite. 5 In contrast, in the cracking of methyl-cyclohexane, as the amount of coke increased, the micropore volume and the acidity of the zeolite gradually decreased.
These results indicate that significant pore plugging and/or coke formation occurred on the acid sites. As mentioned above, in addition to formation of light olefins via the cracking reaction, aromatics were also produced as primary products via 10 dehydrogenation on the pore surface inside the crystal [25, 26] , which were then adsorbed onto the acid sites, followed by formation of heavy hydrocarbons and pore plugging. Accordingly, these results suggest that coke formation occurred on the external surface as well as inside the crystal, leading to the gradual decrease in the catalytic activity observed in Fig. 8 . 15 As discussed above, the coke derived from n-hexane cracking was mainly deposited on the external surface of the zeolite crystal, and that derived from methyl-cyclohexane cracking was deposited on the external surface as well as inside the crystal. In naphthenes cracking, the coke deposited within the crystal induced the serious deactivation of the zeolite catalyst due to the decrease in micropore volume and acidity. However, the nano-scale zeolite could maintain a longer catalyst lifetime regardless of type of reactant due to the large external surface area and low diffusion resistance to the reactant/product hydrocarbons compared to that of the macro-scale 5 zeolite.
Conclusion
The catalytic cracking of representative hydrocarbons of naphtha over ZSM-5 zeolite catalysts was examined at reaction temperatures ranging from 823 K to 923 K 10 under atmospheric pressure. It was found that the Si/Al ratio of the ZSM-5 affected the product selectivity and conversion, and that application of ZSM-5 (Si/Al = 150) was effective in improving the light olefins yield for n-hexane cracking. In addition, the effect of crystal size on catalytic stability in the catalytic cracking of representative naphtha hydrocarbons was investigated using ZSM-5 zeolites. The deactivation 15 mechanism and catalyst lifetime of the zeolite catalyst depended on the type of reactant, and the deactivation of the zeolite in the cracking of naphthenes was greater than that in the cracking of n-hexane. However, compared to the macro-scale ZSM-5, the nano-scale ZSM-5 exhibited a high conversion and high light olefins yield with stable activity, regardless of the type of reactant. As a result, the application of the nano-scale ZSM-5 zeolite was effective for the catalytic cracking of naphtha. Table 1 . Micropore volumes, BET surface areas, external surface areas, and Si/Al ratios of ZSM-5 zeolites. V m : micropore volume using the t-method, S BET : surface area using the BET method, S ext : external surface area using the t-method. Table 3 . Coke amounts and micropore volumes of ZSM-5 zeolites (Si/Al = 150) after cracking of n-hexane, cyclohexane and methyl-cyclohexane (W/F = 0.125 h) determined using TG and the t-method. Table 1 . Micropore volumes, BET surface areas, external surface areas, and Si/Al ratios of ZSM-5 zeolites. V m : micropore volume using the t-method, S BET : surface area using the BET method, S ext : external surface area using the t-method. Table 3 . Coke amounts and micropore volumes of ZSM-5 zeolites (Si/Al = 150) after cracking of nhexane, cyclohexane and methyl-cyclohexane (W/F = 0.125 h) determined using TG and the tmethod. 
